background Foods rich in nutrients, such as nitrate,
nitrite, L-arginine and polyphenols, can promote the synthesis of nitric oxide (NO), which may induce ergogenic effects on endurance exercise performance. Thus, consuming foods rich in these components, such as almonds, dried grapes and dried cranberries (AGC), may improve athletic performance. Additionally, the antioxidant properties of these foods may reduce oxidative damage induced by intense exercise, thus improving recovery and reducing fatigue from strenuous physical training. Improvements in NO synthesis may also promote cerebral blood flow, which may improve cognitive function.
Methods and analysis Ninety-six trained male cyclists or triathletes will be randomised to consume ~2550 kJ of either a mixture of AGC or a comparator snack food (oat bar) for 4 weeks during an overreaching endurance training protocol comprised of a 2-week heavy training phase, followed by a 2-week taper. The primary outcome is endurance exercise performance (5 min time-trial performance) and secondary outcomes include markers of NO synthesis (plasma and urinary nitrites and nitrates), muscle damage (serum creatine kinase and lactate dehydrogenase), oxidative stress (F2-isoprostanes), endurance exercise function (exercise efficiency, submaximal oxygen consumption and substrate utilisation), markers of internal training load (subjective well-being, rating of perceived exertion, maximal rate of heart rate increase and peak heart rate) and psychomotor speed (choice reaction time).
Conclusion This study will evaluate whether consuming AGC improves endurance exercise performance, recovery and psychomotor speed across an endurance training programme, and evaluate the mechanisms responsible for any improvement.
Trial registration number ACTRN12618000360213.
InTroduCTIon
A key determinant of endurance exercise performance is the ability of active muscle to use oxygen. Strategies that increase oxygen delivery to, and the utilisation of oxygen in the mitochondria may thus improve endurance performance. Nitric oxide (NO) mediates skeletal muscle contractile properties, 1 endothelial function, and mitochondrial biogenesis and respiration, 2 and therefore, increasing NO synthesis may improve muscle blood flow and oxygen delivery and utilisation during exercise (figure 1). 3 4 These changes may lead to enhanced exercise efficiency, reduced oxygen deficit 5 6 and enhanced exercise tolerance, 7 all of which may improve endurance performance.
Exercise performance may also be improved by enhancing postexercise recovery, which may enable greater tolerance to training. One approach to improving training tolerance is to increase the availability of antioxidants which neutralise exercise-induced free radicals and thereby have the potential to reduce muscle damage. 8 9 Additionally, NO may promote postexercise muscle repair through activation of satellite cells involved in muscle remodelling and hypertrophy, 10 and through increased blood flow, which may enhance nutrient replenishment and muscle protein synthesis in fatigued muscle. 11 Factors which impact on fatigue, recovery and exercise performance may also affect cardiovascular and cognitive function. Exercise-induced muscle damage may affect cardiovascular control by stimulating group III/IV afferent neurons, which relay intramuscular conditions to supraspinal cardiovascular centres. 12 13 Through this afferent signalling, muscle damage has been proposed as a key mediator of changes in the maximal rate of heart rate increase (rHRI), a novel marker of fatigue status. [14] [15] [16] [17] [18] [19] [20] Several studies have demonstrated that rHRI is slowed when exercise performance is reduced, and faster when performance is improved, but no direct evidence exists for mechanisms behind such changes. NO might also increase cerebrovascular dilatation and blood flow, 21 22 which may promote psychomotor speed (figure 1), which is important for decision-making and movement execution, and is critical for many athletic pursuits. Further, as exercise-induced fatigue can slow psychomotor speed, 23 24 improving recovery by elevating NO availability might promote maintenance of psychomotor speed.
NO is synthesised from nitrite (NO 2 -), nitrate (NO 3 -), or L-arginine in a reaction catalysed by NO synthase (NOS). NOS activity can be increased through the dietary intake of polyphenols. 25 Thus, consuming foods that are a source of L-arginine, NO 2 -, NO 3 or polyphenols may increase NO synthesis, which has potential to induce improvements in mitochondrial efficiency and muscle recovery, while foods containing antioxidants may attenuate muscle damage induced by free radicals. Almonds are a rich source of arginine, 26 polyphenols 27 28 and antioxidants. [27] [28] [29] Grapes are also a rich source of polyphenols and antioxidants. [30] [31] [32] Preliminary evidence suggests that consumption of almonds 33 and grape juice 34 improves endurance performance. Cranberries are another source of polyphenols, antioxidants and NO 2 -, [35] [36] [37] [38] but limited studies have investigated their effects on exercise performance. 39 The proposed physiological effects of consuming almonds, dried grapes and dried cranberries (AGC) are illustrated in figure 1 .
The aim of this study is to evaluate whether a combination of AGC, which are good sources of polyphenols, antioxidants, L-arginine and NO 2 -, reduces exercise-induced oxidative damage to contracting muscle, promotes exercise performance and recovery, speeds rHRI and enhances psychomotor speed during exercise.
MeThods And AnAlysIs
This study will be a 5-week, single-blind, randomised, controlled, parallel-arm trial evaluating the effects of consuming a mixture of almonds, dried grapes (sultanas) and dried cranberries (AGC) compared with an isocaloric comparator (food) on endurance exercise performance, psychomotor speed, rHRI and markers of NO availability, oxidative stress and muscle damage in trained male cyclists or triathletes.
Participants will first attend a familiarisation session where they will perform an incremental exercise test to determine their maximum power output (W max ) and be familiarised with all aspects of the study. Training intensities for the subsequent training periods will be prescribed based on percentages of maximum HR achieved during the W max test. Participants will then undertake a 1-week run-in period of light training (LT), before baseline assessments of NO availability, oxidative stress, muscle damage, endurance exercise performance, rHRI, psychomotor speed and well-being are performed. They will then perform 2 weeks of heavy training (HT) followed by a 2-week taper (T), with assessments repeated post-HT and post-T.
After baseline testing, participants will be randomly allocated to consume either an AGC mix or an alternative isocaloric snack food (oat bar) daily for 4 weeks during HT and T. Each food will provide 2550 kJ/day of energy.
An overview of the study design is displayed in figure 2 .
Primary research aims 1. To investigate the effects of AGC consumption on endurance exercise performance. 2. To investigate the effects of AGC consumption on recovery, as assessed by changes in exercise performance following an increase in training load. recruitment and screening Participants will be in recruited in Adelaide, Australia, via advertisements sent to local cycling and triathlon club social media pages, posted on the University of South Australia social media pages, Facebook and posted at local cafes and cycling races. Participants who complete all aspects of the study will receive an honorarium of $AUD350 to compensate for their time and travel expenses. Participants who do not complete the study will be reimbursed on a pro-rata basis. Those who express interest will be sent an information sheet and Diet and Lifestyle Questionnaire (DLQ) requesting information regarding general health status, medication and/or supplement use, cycling training history and diet. Responses from the DLQ will then be assessed to evaluate participant eligibility.
Inclusion criteria
Participants will be eligible for the study if they meet all the following criteria: b. >50 g/day of grapes and/or sultanas or >1 L/week of grape juice. c. >50 g/day fresh or dried cranberries or >1 L/week of cranberry juice. 5. No allergies to any of the study foods.
exclusion criteria Participants will be excluded from the study if they meet any of the following criteria: 1. Have regularly smoked during the last 6 months. 2. Have a gastrointestinal disorder that affects nutrient absorption.
Regularly use supplements or medications that may
impact study outcomes (eg, beetroot juice, anti-inflammatory medications, drugs affecting HR, etc). 4. Show unwillingness to be randomised to either experimental group. 5. Fail to satisfy the investigator regarding suitability to participate for any other reason. 6. Are unwilling or unable to provide written consent.
Treatment allocation and blinding
A toss of a coin will determine which dietary group the first participant is randomised to. Following this, participants will be allocated to treatment by minimisation 40 based on 5 min time-trial (5TT) performance (in kJ/ kg), body mass index and age at familiarisation. Minimisation will ensure balanced characteristics between the treatment groups at baseline, and has been proposed as the best randomisation method for smaller clinical trials, such as the proposed study. 40 41 As the participants will consume whole foods that are easily identifiable, they cannot be blinded. However, researchers conducting assessments and statistical analyses will be blinded (ie, single-blind) to prevent bias.
Familiarisation
Written informed consent will be obtained from participants prior to participation.
At the familiarisation visit only, participants will perform an incremental cycling exercise test to exhaustion on an electronically braked cycle ergometer (Lode Excalibur Sport, Lode BV, Groningen, the Netherlands) to determine W max . The W max test will be preceded by a 5 min warm-up at 120 W (to allow for determination of rHRI), after which power output will be increased every 2.5 min until exhaustion. 42 W max will then be determined according to the following formula: where W out is the workload of the last completed stage and t is the time in seconds in the final stage. W max assessment will be used to prescribe exercise intensity for all subsequent sustained effort tests (SETs), while maximum HR attained during W max assessment will be used to prescribe training intensities based on set percentages of maximum HR. Participants will then be familiarised with all other aspects of the study protocol, including consuming a small portion of both the test and comparator foods to ensure the foods are palatable to them, and that they do not suffer any allergic reaction.
dietary intervention
Participants will be instructed to consume AGC or comparator food as a snack throughout the day, but otherwise not change their background diet during the study. Participants will be provided with a 2 week supply of AGC or comparator food at baseline (ie, post-LT) and post-HT testing points. Participants in both treatment groups will be asked to avoid consumption of nuts, grapes and cranberries, or food/drink products containing these during the intervention period, other than the experimental foods provided to them if they are allocated to the intervention group.
Participants in the intervention group will consume 75 g/day of raw, natural, unsalted almonds, 25 g/day of dried grapes (sultanas) and 25 g/day of dried cranberries, providing an energy intake of 2550 kJ. Participants will be provided with preweighed daily portions of each component of the AGC to ensure consistency in quantities consumed. Four weeks of supplementation with this quantity of almonds has previously been shown to improve endurance performance in elite cyclists. 33 Additionally, grape juice has been shown to improve endurance exercise performance, 34 and while previous studies have not investigated the potential of dried grapes or cranberries for improving endurance performance, it is hypothesised that their polyphenol, antioxidant and NO 2 -30-32 [35] [36] [37] [38] content will facilitate performance adaptations.
Participants in the comparator group will consume 132 g (3.3 bars) per day of oat bars (Golden Oat Baked Oaty Slices, Mother Earth, Hamilton, New Zealand), which will also provide 2550 kJ. Thus, the comparator is isocaloric to AGC but does not contain the proposed ergogenic nutrients (ie, arginine, polyphenols, NO 2 and antioxidants). The nutritional profile of both the AGC and comparator treatments is presented in table 1. While the phytochemical and antioxidant properties of AGC have been reported previously, samples of almonds, sultanas and dried cranberries consumed in the proposed study will be assessed for total phytochemical content and antioxidant activities according to techniques previously described . 43 44 Total phenolic content will be determined using the Folin-Ciocalteu's phenol reagent, whereas the total flavonoid content will be assessed using aluminium chloride solution. For antioxidant activities, 1,1-diphenyl-2-picrylhydrazyl antioxidant activity and ferric-reducing antioxidant power will be determined as previously described . 43 44 The 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) and oxygen radical absorbance capacity will be assessed based on modified protocols of Re et al 45 and Gillespie et al 46 , respectively.
Cycling training intervention
To induce training adaptations that will improve endurance exercise performance (ie, 5TT performance), participants will perform a standardised, three-phase endurance training programme. This will begin with a 6-day run-in phase of LT designed to provide stable baseline measures. Participants will then complete a 13-day HT phase that is designed to induce substantial fatigue (ie, a state of overreaching 47 ), followed by a 13-day T phase that will provide sufficient recovery to allow for supercompensatory adaptations in response to the HT, with a resultant increase in endurance exercise performance. This protocol has previously been used to induce fatigue and supercompensation in several previous studies run in our laboratory. [15] [16] [17] [18] [19] [20] The comparison of changes in outcome measures from post-LT to post-HT between the AGC and comparator groups will determine the effect of AGC on minimising fatigue (ie, improving recovery), while the comparison of post-LT to post-T measures will determine their effect on improving endurance exercise performance.
The training prescriptions for LT, HT and T are provided in table 2, with prescribed intensities for training sessions based on percentages of maximum HR achieved during the W max test at familiarisation (detailed below). To ensure compliance with the training prescription, participants will record HR during each training session using a personal HR monitor (RS800CX, Polar Electro Oy, Kempele, Finland). Participants will also record a rating of perceived exertion (RPE) for each training session. The overall training load will be determined by the summation of each session's training impulse (TRIMP) from recorded HR data. 48 All training will be performed on participants' own bicycles attached to a stationary bicycle trainer (JetBlack Whisper Drive Plus, JetBlack, Rouse Hill, Australia).
Training and diet record Participants will record their daily consumption of test foods and the duration and sessional RPE (Borg 6-20 RPE scale 49 ) of their training sessions to calculate compliance with test food consumption and exercise prescription. They will also be given a list of foods high in polyphenols, NO 3 and NO 2 -38 50-52 and asked to record their daily intakes of these foods to determine if existing and/or additional dietary intake of polyphenols, NO 3 and NO 2 influences the ergogenic and/or physiological effects of AGC.
dietary and training compliance
Participants will be required to consume at least 70% of each component of the AGC. If unable to consume their daily requirements of AGC on any given day, they will be allowed to increase their intake over the following day(s) to compensate. Using the completed training and diet record, percentage compliance with test food consumption will be calculated from 'total grams consumed' and 'total number of grams prescribed'. Training compliance will be calculated in Microsoft Excel using 'completed TRIMP' and 'prescribed minimum TRIMP'. Participants are required to attain at least 70% of the prescribed TRIMP during LT and T. Full adherence to the very high loads prescribed for HT may not be possible for some athletes due to fatigue and/or fatigue-induced changes in cardiac autonomic regulation that can impair HR increases and thus make achieving high target HRs difficult. Thus, for HT, compliance will be based on RPE, with participants having to report an RPE of at least 15 for each session for them to be deemed to be compliant with the training protocol. Participants will not be made aware of this latter requirement to avoid training bias.
Testing protocol
An illustration of the testing protocol performed following LT, HT and T is displayed in figure 3 .
Pretesting restrictions
During the 24 hours prior to testing visits, participants will be required to abstain from alcohol and any moderate or vigorous physical activity not prescribed by their training. They must also fast overnight and refrain from caffeine consumption in the 12 hours prior to testing.
Biochemical analyses
Fasting blood samples will be obtained via venepuncture from the median cubital vein, while urinary measures will be determined from a 24 hours urine collection. Plasma samples will be prepared in accordance to Barden et al 53 and, along with urine samples, will be analysed for F2-isoprostanes as a marker of oxidative stress, as well as NO 2 and NO 3 levels. 54 55 Serum samples will be analysed for LDH and CK, as markers of muscle damage using an automated analyser with commercial kits (Konelab 20XTi, Thermo Fisher Scientific, Waltham, Massachusetts, USA).
Daily analysis of life demands for athletes questionnaire
To assess the well-being of participants, they will complete a modified daily analysis of life demands for athletes Open access Figure 3 Overview of the testing protocol performed. DALDA, daily analysis of life demands for athletes; rHRI, maximal rate of heart rate increase.
(DALDA) questionnaire, which will provide subjective measures of various components of their psychological and physiological status. 56 Responses to Part A and B of the DALDA require 'normal', 'better than normal' or 'worse than normal' responses and will be used to determine an overall DALDA score, while responses to Part C (scaled responses) will provide separate outcome measures of mood, energy, soreness, fatigue and stress.
Psychomotor speed
Prior to performing any exercise, and at the 5, 20 and 35 min marks of the Sustained Exertion Test (see below), participants will perform the Deary-Liewald reaction time task to assess choice reaction time as a measure of psychomotor speed. 23 24 Conducting this test while participants are exercising and in various states of fatigue throughout the study is designed to better emulate decision-making in an applied sport setting compared with performing the test at rest. Data will be expressed as number of errors, the mean response time and SD of all correct response times.
rHRI assessment rHRI will be assessed during the 5 min warm-up preceding the SET. Participants will rest on the cycle ergometer for 4-6 min to stabilise HR, before being instructed to begin cycling at 120 W for 5 min, while HR is recorded as R-R intervals. Participants will not be warned of when they will begin cycling to prevent an anticipatory increase in HR prior to exercise. 57 rHRI will then be calculated using 30 s of HR data prior to commencing exercise and 3 min of exercise data according to the method of Bellenger et al. 20 Sustained exertion test On completion of rHRI assessment, participants will cycle at 70% W max for 45 min. Five minutes of expiratory gases will be collected after 10, 25 and 40 min using the TrueOne 2400 (Parvo Medics, Utah, USA) for determination of volume of oxygen consumption (VȮ 2 ) as a measure of exercise economy. Respiratory exchange ratio will be recorded to represent substrate use, and gross exercise efficiency will be determined by dividing work output by energy expenditure, with energy expenditure calculated from the tables of Zuntz and Schumberg. 58 Five-minute time-trial Following a 15 min recovery period after completing the SET, participants will perform a 5TT on the cycle ergometer. This will involve performing as much work as possible in 5 min. The total work performed per unit body mass (kJ/kg) during the 5TT will represent the measure of exercise performance. Peak VȮ 2 (recorded during 15 s intervals) and peak HR attained during the 5TT will also be recorded. The 5TT has excellent reliability with a 1.2% coefficient of variation. 16 
statistical analysis Sample size
In two recent studies conducted in our laboratory which evaluated the effects of a similar HT period followed by a T on 5TT performance, the average work done at the end of the T was 107.7 kJ with a pooled SD of 9.84 kJ. 17 18 Yi et al 33 reported a 5.3% greater TT performance (effect size of 0.58) compared with placebo following 4 weeks of consuming 75 g/day of almonds. Thus, demonstrating a similar magnitude of increase in 5TT performance in the present study as being statistically significant in a two-tailed test with 80% power and at an α-level of 0.05 would require 96 participants to complete the study (48 AGC mix and 48 comparator foods). A total of 108 participants will be recruited to account for a drop out of ~10%. This is a conservative power analysis given that, in addition to using the same dose of almonds used by Yi et al, 33 in the present study participants will also consume dried grapes and dried cranberries, which may potentially induce a greater effect on performance.
Data analysis
Data will be presented as mean±SD for descriptive statistics and as means±SE for reporting estimated effects. Statistical analysis will be performed using Stata/IC V.15.1 (StataCorp LLC, College Station, Texas, USA). The effects of AGC and comparator foods on the dependent measures over time will be analysed using linear mixed effects models, with fixed effects entered as outcome measures, treatment allocation and time point, and participant ID entered as a random effect. All covariances in the covariance matrix will be set to zero. Covariates will include age, training compliance and dietary intervention compliance. If participants drop out, their available data will be used in the analysis provided the data due to drop out are missing at random. The random effects mixed model will use all remaining available data in the Open access analysis, and this will constitute an intention-to-treat analysis. A sensitivity analysis will then be performed using only data from participants who completed all aspects of the protocol (ie, no missing data). If data are normally distributed, relationships will be assessed using Pearson's correlation coefficient. If data are not normally distributed, it will be log-transformed and analysed using non-parametric analyses. Repeated measures analyses will be used to evaluate relationships between different parameters. Statistical significance will be set at an alpha level of 0.05.
Patient and public involvement
There was no patient or public involvement in the design of this study.
dIsCussIon
While the preliminary work of Yi et al 33 demonstrated the potential of almond consumption for improving endurance exercise performance, there remains a need for further investigation of their efficacy, including whether this may be influenced by age and fitness level. In this study, the shorter duration of the 5TT should assist with identifying any ergogenic effects of AGC consumption, 59 as the positive effects of NO-related supplements for performance appear most evident during shorter rather than longer-duration performance tests. 59 60 However, improvements in oxygen economy and/or exercise efficiency may infer the potential of AGC to enhance endurance performance over longer durations.
Significant associations between the improvements in exercise performance and increases in plasma and urinary nitrate and/or nitrite levels, without concomitant improvements in oxidative stress and muscle damage, would suggest that any increases in endurance performance may be caused by enhancement in muscular blood flow and metabolic function, rather than reductions in oxidative stress and muscle damage. Alternatively, inverse associations between oxidative stress or muscle damage and endurance performance would suggest that any ergogenic effects of AGC consumption may be due to effects on attenuating muscle damage. In addition to the beneficial effects that reductions in oxidative stress and muscle damage may have on physical performance, it is also possible that these effects would result in benefits for athlete well-being.
Measures of muscle damage will also be valuable in elucidating potential mechanisms underlying the relationship between rHRI and endurance performance. Recent evidence suggests that rHRI may be slowed when performance is impaired as a result of signals originating from the fatigued muscle that are transmitted to the cardiovascular centre in the brain stem via group III and IV afferent neurons, 14 which modulate cardiac acceleration at exercise onset. 12 13 However, this hypothesis is presently primarily based on speculation, and evaluating the effects of muscle damage on rHRI will provide evidence that will assist in either supporting or refuting this hypothesis. Furthermore, associations between rHRI and endurance within the proposed study will continue to provide evidence regarding the efficacy of using rHRI to monitor fatigue in endurance athletes.
Finally, despite positive findings on the benefits of nut and berry consumption on cognitive decline in older adults, [61] [62] [63] [64] their potential for improving cognitive performance in younger, athletic populations, and under conditions of fatigue that are more relevant to athletes, remains unknown. In addition to evaluating the effect of AGC on psychomotor speed during conditions of acute fatigue (as participants progress through the SET), the study will also investigate whether AGC can attenuate impairments in psychomotor speed that may be induced by periods of fatigue-inducing intense training. 23 24 This protocol paper describes the methodology that will be used to evaluate the effects of AGC consumption on components of endurance exercise performance, recovery and psychomotor speed following periods of heavy and tapered training (ie, an overreaching cycle). In addition, the study will evaluate whether any effects on these outcomes are mediated by NO, oxidative stress and/or muscle damage. Most previous studies investigating the effects of foods on endurance performance have not been structured across an overreaching cycle. The potential to determine whether a dietary intervention (using AGC) can reduce training-induced fatigue (ie, improve recovery) and enhance peak performance is a unique element of this study. Thus, the findings of the present study may have numerous implications for athletes.
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